The reproductive success of men with mitochondrial disease is to date unreported. We compared the age and era-adjusted reproductive success of 94 British male patients with mitochondrial disease to that of the UK general male population. The reproductive success of men with mitochondrial disease was 65% of that in the general population (95% CI 53%; 79%), and the effect magnitude was related to disease severity. This contrasts with two previous studies finding that the reproductive success of women with mitochondrial DNA disease is not impaired. We conclude that the reproductive health of men with mitochondrial disease merits increased clinical attention.
Introduction
Mitochondrial disorders are a common form of inherited disease in the adult population.1 Previous studies suggest that the reproductive success of women harbouring pathogenic mitochondrial DNA (mtDNA) variants is not impaired.2,3 However, although population genetic theory suggests that male reproduction is particularly vulnerable to mitochondrial dysfunction related to mtDNA variation,4 there are no reports on the reproductive success of men with mitochondrial disorders. We investigated the reproductive success of men with mitochondrial disease in a large patient cohort.
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Materials and Methods
We assessed the reproductive success among adult men with genetically defined mitochondrial disease, either due to function affecting variants in mtDNA or nuclear DNA (nDNA), identified from the Medical Research Council Mitochondrial Disease Patient Cohort Study UK database in January 2015. Described mtDNA and nDNA variants have been submitted to the publicly available ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) database.
Data collection
Eligibility criteria were a definite genetic mitochondrial disease diagnosis, UK residency, minimal age of 18 years, and ability to give informed consent. Subjects were asked to complete a questionnaire interrogating the number, sex and birth year of children, and factors associated with male fertility and the likelihood of having children, including level of education, marital status, diagnosis of diabetes mellitus, and smoking. The patients were asked not to report adopted or foster children. The patient recruitment flow chart is depicted in Supplementary Figure S1 .
Statistical analyses
We calculated age-specific fertility rates and the total reproductive rate to estimate reproductive success. General population male fertility data were obtained from ONS.5 These are based on birth registration data.6 For births solely registered by mother (6.6 % of all births in England and Wales in 2007), the father's age was estimated using ONS jointly registered births outside marriage data. We included only men born in or after 1944 (N=101), the earliest year with ONS data. There were seven pairs of known related individuals among these 101 at the time of analysis, and we randomly excluded the other from each pair, leaving 94 unrelated individuals for the final analyses. For calculations of fertility after 2013, the rates for 2013 were used (extrapolation justified by the stable population fertility).
We calculated the fertility across the age range 15 -64 years, analogous to the general fertility rate (live births per 1000 male population aged 15 -64 years) reported by the ONS. 5 The person-years contributed by each subject were summed and formed the denominator by which the total number of births to all fathers over the period was divided. We calculated fertility rates for the entire fertile age range and in 5-year age groups. A directly comparable reference fertility rate was calculated using the 2013 ONS data.5 The cohort and reference fertility rates were tested for difference with an exact Poisson two-sided test, using the 'exactci' package in R. 7 We report the relative ratio of the cohort and ONS fertility rates with 95% Poisson confidence intervals.
To examine lifetime fertility and age-specific fertility by disease state, the subjects were grouped into low/medium/high disease burden categories. The clinical severity of mitochondrial disease was assessed with the Newcastle Mitochondrial Disease Adult Scale (NMDAS) score,8 available for 82 of the 94 subjects. Box-Cox9 identified the square root as the optimal transformation of the NMDAS score (NMDAS T ) in regression against age. The cohort divided into three equally sized groups segregate the subjects by NMDAS score progression ( Figure 1 ).
To estimate the effect of education, the cohort was segregated into those who had completed upper secondary / pre-university education or university (N=41) and those who had not (N=53). For diabetes, we considered those currently with diabetes mellitus (N=27) vs. not (N=67). For smoking we considered ever (current or former) (N=45) vs. never smokers (N=49). For each group comparison the reproductive success was calculated relative to an age-and era-weighted general population fertility rate. For statistical comparison of fertility between groups, a two-sample exact Poisson test for two proportions was used. For each test, the age and era-weighted general population fertility rates for each group were examined to verify there were no substantive differences between the group fertility profiles.
The effect of marital status was determined by estimating the proportion of those currently single (N=26) compared to all other statuses (married, cohabiting, separated, divorced, and widowed) (N=68). We evaluated whether the proportion of single males in the cohort was different from an age-weighted proportion as calculated from the ONS general population data.10
Ethical considerations
This study was approved and performed under the ethical guidelines issued by our institution for clinical studies. Written informed consent was obtained from all subjects.
Results
The reproductive success of men with mitochondrial disease was 0.65 (95 % CI 0.53; 0.79) relative to general UK male population (Table 1) , and similar in mtDNA and nDNA subgroups ( Table 2 and Supplementary Table S1 ). Men with more severe disease had lower relative reproductive success than those more mildly affected ( Figure 1 and Table 1) , which was not observed in women harbouring mtDNA variants.3
The proportion of single males in our cohort was 24.8% (95% CI 17.1% -34.3%), whereas the proportion of single males in the general population, weighted according to the age and birth year profile of our cohort, was 16.3% (P=0.027). The marriage status adjusted general fertility rate showed that when accounting for marital status, the reproductive success of our cohort was 0.73 (95% CI 0.59; 0.88) relative to the general UK male population ( Table 1 ).
The disease severity as reflected in the NMDAS score did not differ between men who participated in the study and those who did not (P=0.269). Because the low/medium/high NMDAS groups were not age-matched the effect of disease severity on reproductive success could not be statistically evaluated by direct comparison. However, each group could be compared to age and era-matched general population and these comparisons showed an inverse relationship between reproductive success and disease severity ( Figure 1 and Table  1 ). Among patients in this study, smoking status (P=1.000), education level (P=0.186), and having diabetes mellitus (P=0.806), were not associated with the number of recorded births.
Discussion
We found that the reproductive success of men with mitochondrial disease was significantly compromised. This contrasts with the previous reports that reproductive success in women with inherited mitochondrial DNA variants does not differ from general population,3 using the same methodology exploiting UK population data to calculate age and era-adjusted relative fertility rates.
We have not employed Bonferroni or any other multiple testing adjustment in our analyses for well documented reasons and particularly as we are testing a priori hypotheses,11 however the number of statistical tests used do open up the potential for more frequent type I statistical errors, and this should be taken into account when interpreting the findings.
The element of uncertainty attached to the assignment of children to their biological fathers is common knowledge; however, there is no reason to suggest this would differ between our data and the ONS data, or in regard to reporting children born outside of marriage or children from previous unions.12
The severity of mitochondrial disease as reflected by the NMDAS scores did not differ between study participants and those choosing not to participate, lending support to the contention that the present results were not due to sampling bias related to disease severity. As 14 out of 76 (18%) patient exclusions were due to cognitive impairment, which is very likely to decrease reproductive success, our results may in fact under-estimate the effect.
The high proportion of singles among men with mitochondrial disease may reflect their relative social isolation and suggests they are less attractive mating partners. Marriage status is not an ideal proxy for being in a relationship: however, the adjusted fertility rate suggests that the decreased reproductive success observed cannot be simply explained by decreased likelihood of marriage.
Evolutionary theory provides an overarching framework for understanding sex differences in different physiological and disease phenotypes. Sex-specific natural selection favours traits that increase the survival or reproductive success of individuals of the respective sex. As mtDNA is passed only from mother to offspring, adaptive evolution of mtDNA is not affected by any possible male-specific phenotypes.4 Previous studies suggest that mtDNA haplogroups are associated with asthenozoospermia among men with fertility problems,13 and high levels of the mtDNA variant affecting function m.3243A>G are associated with low sperm motility.14 In future it would be of interest to correlate reproductive success with mtDNA variant heteroplasmy levels in various tissues. The observed sex difference in reproductive success, in the context of mitochondrial dysfunction, indicates existing animal data on sexual dimorphism with regard to mitochondrial function may be relevant to human biology. 15 The focus of previous research on reproductive issues in mitochondrial disease has largely been on women. We suggest that the reproductive health of men with mitochondrial disease merits increased clinical attention. Future work will address the detailed mechanisms leading to impaired reproductive success in men with mitochondrial disease. Segregation of patients by NMDAS score into three groups according to disease burden. Both age and the square root transformed NMDAS score are used to define the disease burden groups. NMDAS = Newcastle Mitochondrial Disease Adult Scale. Table 1 Age-specific and overall relative reproductive success of men with mitochondrial disease. Table 2 Genetic causes of mitochondrial disease among the study participants. Eur J Hum Genet. Author manuscript; available in PMC 2018 February 16.
